Global expression analyses demonstrate that alterations in miRNA levels correlate with various metabolic diseases. miRNAs regulate central metabolic pathways and thus play vital roles in maintaining organismal energy balance and metabolic homeostasis. Here we highlight novel sequencing technologies used to comprehensively define the target spectrum of miRNAs in metabolic disease that complement recent literature reporting physiologic roles for miRNAs in the regulation of glucose and lipid metabolism in peripheral tissues of animal models of metabolic dysfunction. These emerging technologies help decipher the complexity of the miRNA interactome and enrich our understanding of how miRNAs mediate physiologic effects by targeting a spectrum of gene transcripts simultaneously. miRNA-based therapeutics emerge as a viable strategy for treating metabolic diseases.
Introduction
Control of metabolic homeostasis in higher organisms is maintained by interwoven regulatory networks that sense and respond to environmental and physiologic stimuli. Multicellular organisms have evolved precise strategies to activate or repress metabolic pathways to rapidly satisfy the energetic needs of cells, tissues, and organs. A significant body of work suggests that precise and rapid modulation of target gene transcripts is a critical component in maintaining metabolic homeostasis. miRNAs play a key role in metabolic homeostasis by governing the response to alterations in nutrients or fluctuations in various metabolic substrates that include cholesterol, lipids, glucose, and insulin [1] [2] [3] [4] [5] . miRNAs are short (21-23 nucleotides), noncoding RNA molecules that primarily function to prevent mRNA translation or initiate mRNA degradation [6] . miRNA targeting is largely defined by the miRNA's seed region (see Glossary) comprising nucleotides 2-8 of the miRNA [7] [8] [9] [10] , which undergoes complementary base pairing with specific sequences in target mRNAs. This miRNA seed is responsible for guiding the effector proteins that comprise the RNA-induced silencing complex (RISC) to the 3 0 untranslated region (UTR) of target mRNAs (Box 1). Target prediction algorithms based on Watson-Crick base pairing and species conservation (e.g., TargetScan [11] , PicTar [12] , miRanda [13] , miRWalk [14] ) suggest that miRNAs have hundreds of mRNA targets, and miRNA target spectrums frequently overlap [10, 15] . Conversely, mRNAs are predicted to be targets of many distinct miRNAs. In addition, single miRNAs can have multiple target sites in the 3 0 UTRs of a particular mRNA, which is likely to increase mRNA repression. Thus, miRNAs may rival transcriptional mechanisms in terms of regulatory output potential. Indeed, a few hundred conserved miRNAs are estimated to regulate 30-80% of human genes [16] . However, miRNAs normally exert relatively modest effects on individual mRNA targets, acting as rheostats to finely regulate protein expression [6] . Given the Trends miRNAs regulate target mRNA expression by inducing mRNA degradation or translational inhibition.
miRNAs mediate adipocyte differentiation, control beta cell mass and insulin secretion, and co-target multiple nodes of the insulin signaling pathway to globally promote or suppress diabetic phenotypes in adipose tissue, pancreas, and liver.
Emerging genomic and sequencing technologies allow the definition of global miRNA-mRNA interactions that underpin metabolic regulation.
Currently, most miRNAs have only a few well-characterized targets, but they are likely to work in complex, overlapping signaling networks that target many genes in the same pathway.
Manipulation of antidiabetic miRNAs in vivo improves insulin sensitivity, suggesting that miRNA-based therapeutics may represent a viable strategy for treating metabolic diseases.
large number of miRNAs, their broad range of targets, and the consequences of global miRNA deletion (Box 2), it is no surprise that miRNAs regulate energy metabolism, glucose homeostasis, and whole-body insulin sensitivity.
Dysregulation of specific miRNAs in response to genetic or environmental factors can contribute to aberrant gene expression patterns underlying metabolic dysfunction and cancer [15] . As discussed below, miRNAs often affect multiple targets in linear signaling pathways or interconnected nodes in regulatory networks, exerting a significant cumulative effect. In this review we discuss the use of high-throughput sequencing technologies, specifically Argonaute (AGO) crosslinking immunoprecipitation (CLIP) coupled to high-throughput sequencing (AGO-CLIP-seq) [17, 18] , to elucidate miRNA targeting and the role of miRNAs in controlling metabolic gene networks. We also discuss recent studies demonstrating the capacity of miRNAs to alter measures of whole-body metabolism, including effects on glucose and lipid metabolism. Collectively, the existing data suggest that miRNA-based therapeutics are a novel strategy for treating metabolic diseases.
High-Throughput Approaches Delineate the Spectrum of miRNA Targets
Comprehensive understanding of miRNA function requires identification of the entire spectrum of a given miRNA's targets. Traditional prediction methods utilize recognition of a specific miRNA seed complement on the 3 0 UTR of an mRNA target, evolutionary conservation of these complements, and the potential free energy of interaction between the miRNA seed-complement pair [8, 10, 11, 19] .
Methods that combine UV crosslinking and immunoprecipitation (CLIP) of RNA binding proteins (RBPs) with high-throughput sequencing (seq) allow broad mapping of interactions between RBPs and their RNA target sites [20] . In contrast to RNA immunoprecipitation coupled to high . While one arm is typically dominant, recent efforts provide evidence that both strands are biologically active and arm dominance may be tissue specific. miRNA strands are more specifically termed 3p and 5p strands based on chromosomal location and this nomenclature may be preferable due to its increased specificity and non-biased terminology. Potent biological activity of a *miRNA is demonstrated by miR-378-3p (miR-378*) in this review [64] .
Glossary
The AGO-miRNA complex forms the core of the miRNA-induced silencing complex (RISC). If a miRNA maintains perfect complementarity with its target, RISC mediates catalytic cleavage of the target mRNA and subsequent transcript decay [74] . Perfect miRNA complementarity is uncommon in mammalian systems, and in mammals only AGO2 contains an active nuclease [75] .
Most mRNA targeting by RISC requires recruitment of the larger RISC. The other required component of this complex is the GW182 family of proteins. The GW182 protein family acts as a scaffold that bridges AGO binding with effector components of RISC [74] . These effector components include poly-A binding protein, which may stabilize miRNA-RISC binding [76] , and the PAN2/3 and CCR4-NOT deadenylase complexes [74] . Canonically these interactions can interfere with mRNA translation by preventing mRNA circularization, followed by deadenylation and shortening of poly-A tails [77] , which leads to decapping by DCP1/2 and subsequent mRNA decay.
Recent research has focused on functional regulation of RISC components as a means to globally regulate the miRNA pool. For example, oncogenic stress drives AGO phosphorylation to inhibit miRNA biogenesis by disrupting Dicer-AGO protein-protein interactions [78] . Other findings include Ser387 phosphorylation of AGO increasing its affinity for GW182 [30, 79] and the discovery that GW182 protein degradation is modified through ubiquitination [31] . These potential forms of RISC regulation may manifest in the ability of different tissues to form highly variable levels of the RISC [29] , suggesting that the quantity of miRNA activity in a cell may be as important a contributor to miRNA function as the miRNA expression.
throughput sequencing (RIP-seq), CLIP-seq uses UV light to reversibly crosslink RBPs to nearby RNAs. Recently, CLIP methods have been adapted to identify miRNA-mRNA interactions in a genome-wide manner through purification of AGO-associated RNAs, which include miRNAs bound to their respective gene targets [17, 18] . In particular, immunoprecipitation of the AGO protein coupled to high-throughput sequencing (AGO-CLIP-seq) defines points of AGO-mRNA interactions, which allows definition of underlying miRNA seed complements. AGO photoactivatable ribonucleoside-enhanced CLIP (AGO-PAR-CLIP) [18] includes an added step where nucleotide analogs such as 4-thiouridine are introduced before crosslinking. These nucleotide analogs, when crosslinked, undergo T!C transitions during the reverse transcription step of the AGO-CLIP experiment [18] , allowing precise identification of the point of RNA-protein interaction. After sequencing, AGO-CLIP sequence reads are mapped onto the genome and segregated into read 'clusters'. Read clusters are then statistically analyzed using numerous available methods to define their statistical likelihood of existing above background. Clusters above threshold values are designated true bound targets of AGO. In AGO-PAR-CLIP the presence of T!C transitions in a read cluster additionally increases the statistical probability of true positives by defining the point of physical linkage between the AGO protein and bound transcript.
Global analyses of miRNA-mRNA interactions by AGO-CLIP-seq have revealed frequent miRNA targeting of genomic regions other than the 3 0 UTR, which may represent >30% of all miRNA binding sites. Because miRNA target prediction algorithms rely on binding site conservation across species, miRNA interactions within coding regions or 5 0 UTRs are rarely predicted because the higher conservation of these regions obscures the conservation signature of miRNA target sites. Therefore, AGO-CLIP-seq is the only method currently available to perform comprehensive, unbiased, and tissue-specific mapping of miRNA target spectra.
Intronic and Polycistronic miRNAs
miRNA transcriptional regulation is frequently physically coupled to other genes or miRNAs [21] . While single intergenic miRNAs under the control of their own promoter are common, many miRNAs are linked to other transcripts. One-third to one-half of mammalian miRNAs may be located within the introns of coding or noncoding host genes [22] . Most of these intronic miRNAs are transcriptionally linked to their host gene, although up to one-third of intronic miRNAs may have their own promoter [22] . Canonical intronic miRNAs are located in large introns and are cleaved by Drosha/DGCR8 (Box 1) during transcription and before splicing. By contrast, noncanonical 'miRtrons' derive from small hairpin intronic loci and do not require Drosha/DGCR8 cleavage [21] . Intronic miRNA function is often coupled to the host gene and may promote host gene action in a synergistic manner or provide negative feedback by antagonizing host gene action [22] . Intronic miRNAs exemplified in this review include miR-33
RNA-induced silencing complex (RISC): a multiprotein miRNAactivated complex that binds and cleaves (or translationally represses) mRNA transcripts complementary to the miRNA that activated the RISC.
Box 2. Genetic Disruption of miRNA Processing in Mice
The miRNA processing factors Dicer, Dgcr8, Drosha, and Ago2 are essential for viability in mice [80] [81] [82] . Knockout (KO) mice individually lacking these central miRNA-processing genes die during early gestation with severe developmental defects. Nematodes have been useful in this regard as Dicer mutations confer reduced lifespan and stress tolerance [83] .
To study the tissue-specific phenotypes of mature miRNA loss, Cre-inducible conditional KO mice lacking Dicer and Dgcr8 have been generated [66, [82] [83] [84] [85] [86] [87] . Studies in mice with conditional Dicer KO in adipose tissue [66, 83, 87] and pancreas [85, 86] have shown that miRNAs are essential for maintaining normal glucose and lipid homeostasis.
The endoribonuclease Dicer is required to generate most mature miRNAs [88] . The miRNA pool is largely inactive if Dicer is not present and Dicer KO mice die from severe developmental defects [80] . Deletion of Dicer in adipocytes, and perhaps other cells, using ap2-Cre transgenic mice displays juvenile lethality and depletion of WAT [87] . Dicer KO in mature adipocytes using an Adipoq-Cre transgene shows profound lipodystrophy and severe insulin resistance [66] . Supporting a role for miRNAs in glucose homeostasis, the KO of miRNA processing in the adult pancreas established the requirement for miRNAs in the maintenance of glucose homeostasis and beta cell mass [86] . Although these KO studies clearly demonstrated the importance of miRNAs in specific developmental and metabolic processes, it is unclear which miRNAs are responsible for the observed phenotypes.
and miR-378, which act in concert with their host genes to modulate hepatic lipid and cholesterol metabolism.
Polycistronic miRNA transcripts are evolutionarily conserved and can derive from tandem duplications of the same miRNA leading to common regulation of highly similar miRNAs that often have the same seed sequence [23] . However, polycistronic transcripts comprising many different miRNAs also exist [21] . Similar to intronic miRNAs and their host genes, polycistronic miRNAs have tightly coupled expression because they typically derive from the same promoter as a coupled pri-miRNA polycistronic transcriptional unit [24] . Coupled transcription and seed sequence similarity allows polycistronic transcripts to target overlapping gene programs. Polycistronic and clustered miRNA loci exemplified in this review include the hepatic miR-96/182/ 183 locus [25] and the pancreatic DLK1-MEG3 miRNA cluster [26] .
Stress and the miRNA Interactome
Cellular stress is a key mechanism leading to metabolic dysregulation. Recent studies by Karginov et al. sought to consider how induced cell stress affects the miRNA targetome [27] . Using AGO-CLIP analysis, the authors noted global increases in AGO2 occupancy on the 3 0 UTR on stress induction. These changes were next corroborated with polyribosomal sequencing, demonstrating that cellular stress may not only alter mRNA and miRNA expression changes but may also globally enhance miRNA binding to the mRNA. Such differential activation could provide flexible intensity of miRNA activity to recalibrate the intensity of miRNA-mediated mRNA decay.
In muscle, recent work demonstrated that AGO2 protein and miR-1 are present in mitochondria [28] . CLIP-based target profiling of C2C12 myoblasts defined mitochondrial transcripts of NADH dehydrogenase 1 (ND1), cytochrome c oxidase subunit 1 (COX1), ATP synthase 8 (ATP8), and cytochrome c oxidase subunit 3 (COX3) as targets of miR-1. Following target identification, miR-1 activity on some mitochondrial mRNAs such as ND1 and COX1 stimulated rather than suppressed the translational capacity of the genes and supported increased mitochondrial protein synthesis during muscle cell differentiation. Taking these findings together, this work demonstrated the capacity of the miRNA targetome to undergo state-dependent flux, and unique, noncanonical enhancement of mRNA translation via miRNA binding.
Both of the above studies were able to track wide-scale changes in miRNA binding patterns that extended to the global changes in miRNA occupancy of the 3 0 UTR. The intersection of variable miRNA activity within metabolic stress pathways and the overall capacity of miRNAs to modulate the metabolic gene program is an intriguing area for future study, especially in stress-dependent disease states such as type 2 diabetes. These findings are even more relevant in light of recent evidence showing that the miRNA pool may require activation in many tissues [29] and that GW182 and AGO may be heavily regulated by post-translational modifications [30, 31] . These observations also inform other studies and provide clues to explain why certain miR-dependent phenotypes emerge only in specific contexts or under significant cellular stress [32] .
Pancreatic miRNA Circuitry Regulates Insulin Secretion miRNAs have been implicated in controlling pancreatic islet development, beta cell differentiation, and glucose-stimulated insulin secretion (GSIS) [33] [34] [35] . As aberrant beta cell function and insulin secretion leads to insulin resistance and diabetes, a better understanding of how miRNAs integrate signaling pathways in the pancreas is critically important.
Recent pioneering studies combined high-throughput sequencing of small RNAs with AGO-CLIP-seq to define the miRNA interactome in human diabetic and nondiabetic islets [26] . In one study, Kameswaran and colleagues demonstrated that the DLK1-MEG3 cluster of miRNAs on chromosome 14q32 was specifically expressed in pancreatic beta cells [26] . Using highthroughput sequencing of small RNAs, the authors identified seven miRNAs located within the DLK1-MEG3 locus that were significantly downregulated in pancreatic islets isolated from donors with type 2 diabetes. The maternally imprinted DLK1-MEG3 cluster exhibited MEG3 promoter hypermethylation in diabetic islets, which corresponded to the reduced expression of miRNAs within the cluster. By performing AGO-CLIP on islets isolated from human cadaveric pancreas, 996 mRNA targets of 38 miRNAs encoded within the DLK-MEG3 cluster were identified, including several known to induce beta cell apoptosis such as islet amyloid polypeptide (IAPP) and p53-induced nuclear protein 1 (TP53INP1). Although the DLK1-MEG3 cluster is susceptible to epigenetic events that suppress antiapoptotic miRNAs in pancreatic islets, it is interesting to note that the full extent of this regulation remains incomplete owing to the large number of miRNAs and targets discovered in the analysis.
Additional studies have identified numerous miRNAs required for proper pancreatic function. In one of the earliest studies of miRNA function in mice, miR-375 was cloned from pancreatic islets and shown to negatively regulate glucose-stimulated insulin secretion [36] . Further studies established that miR-375 stimulates beta cell proliferation by modulating genes governing cell growth and proliferation [35] . Deletion of miR-375 in mice resulted in reduced beta cell mass, pancreatic failure, hyperglycemia, increased hepatic gluconeogenesis, and type 2 diabetes. Microarray profiling of pancreatic islets isolated from miR-375 KO mice identified 55 transcripts with significantly increased expression that contained a conserved miR-375 seed motif, demonstrating the broad effects that miRNAs can have on the genome [35] . Similar to miR-375, miR-7 is a negative regulator of GSIS in beta cells in mice. miR-7 interacts with and directly regulates genes that control the insulin exocytotic machinery, which is necessary for the exocytosis of insulin granules from beta cells [34] .
Initial studies showed that expression of miR-200 is increased in islets isolated from diabetic mice and, specifically, miR-200b promotes pancreatic cell apoptosis by targeting Zeb1 [37] .
More recent work has shown that genetic ablation of the polycistronic miR-141/200c cluster in mice prevents p53-dependent beta cell apoptosis in response to metabolic stress [33] . The ability of miR-141/200c to maintain physiologic insulin sensitivity occurs only under conditions of cellular stress and no apparent phenotype is observed in unstressed mice. The finding that a specific miRNA family or cluster [26, 33, 37] mediates a phenotypic response under pathologic conditions only appears to be an emerging theme in miRNA research.
Collectively, these studies highlight the critical roles of miRNAs in pancreatic beta cell proliferation, insulin granule exocytosis, and beta cell survival and demonstrate how, by targeting multiple transcripts involved in various cellular processes, individual miRNA and miRNA families modulate key metabolic outputs.
Hepatic miRNAs Regulate Lipid and Cholesterol Metabolism
Hepatic insulin resistance and type 2 diabetes are primarily caused by ectopic lipid accumulation in the liver, which inhibits insulin signaling and promotes hepatic glucose production [38] . Transcriptional regulation of de novo lipid synthesis is partially mediated by insulin activation and feedback inhibition of sterol regulatory binding proteins (SREBPs) [39] . The human SREBF1 (SREBP-1) regulates core lipogenic genes including fatty acid synthase (FASN) and stearoylCoA desaturase (SCD1). The SREBPF2 (SREBP-2) gene preferentially controls expression of cholesterol synthesis genes, including HMGCR and LDLR. Both genes are host genes for a highly conserved intronic miRNA. SREBF1 on chromosome 17 harbors miR-33b in intron 17 and SREBF2 on chromosome 22 contains miR-33a in intron 16. Mature miR-33a and miR-33b are highly homologous with a largely overlapping predicted target spectrum [3, 4, 40] . The integration of miR-33 expression concurrently with SREBP transcripts allows coregulation of these miRNAs and the SREBP proteins during insulin and lipid signaling. In agreement with this concept, miR33a and miR-33b expression is especially abundant in the liver [3, 4] .
Antisense inhibition in mouse and human cell lines showed that miR-33a and miR-33b sustain lipid and cholesterol synthesis programs by repressing genes important for fatty acid beta oxidation and cholesterol efflux, particularly the cholesterol efflux pump ABCA1. miR-33a and miR-33b mediate an elegant negative regulatory loop with SREBP wherein depleted cholesterol levels increase SREBP and miR-33ab levels to restore cholesterol biosynthesis and reduce cholesterol efflux through miR-33-dependent silencing of ABCA1 [3, 4, 40] .
Another miRNA involved in lipid and cholesterol metabolism is miR-122, which accounts for 5% of all miRNA expression in the adult liver [41] . miR-122 inhibition in vivo improves lipid and cholesterol profiles in wild type and mice with diet-induced obesity (DIO) [42] . Although direct target genes of miR-122 have not been comprehensively identified until recently [41] , antisense inhibition of miR-122 blocks the expression of lipogenic and cholesterol synthesis genes in the liver, including SREBF1 (SREBP-1), FASN, SCD1, ACACA (ACC1), ACACB (ACC2), CD36, HMGCR, and LDLR [42] . Other miRNAs that increase lipid and cholesterol synthesis include the polycistronic miR-96/182/183 locus, which is directly regulated by dietary cholesterol and functions to amplify the lipogenic activity of SREBP-2 [25] . More recently, Huang and colleagues established that miR-26, which exhibited reduced expression in the liver of overweight individuals, protects against hepatic steatosis and insulin resistance by co-targeting critical genes for gluconeogenesis and lipid biosynthesis [43] . Together, these studies reveal an extensive network of miRNA signaling in the liver that functions to modulate lipid and cholesterol metabolism. miRNAs discussed in this review with significant physiological effects in mice are summarized in Table 1 .
miRNAs Coordinate Essential Steps in Glucose Metabolism and Insulin Action
In addition to modulating insulin secretion by impacting beta cell function, miRNAs coordinate downstream insulin signaling pathways. While some miRNAs exhibit tissue-restricted expression (e.g., miR-375), many are broadly expressed and are likely to serve a more general role in maintaining metabolic homeostasis.
The let-7 miRNA family regulates multiple aspects of glucose metabolism in the pancreas, liver, and muscle [44, 45] . let-7 antagonism improves glucose tolerance in DIO mice, an effect partially mediated by improving liver and muscle insulin sensitivity. Conversely, let-7 overexpression in the pancreas or skeletal muscle promotes insulin resistance and impairs glucose tolerance in mice [44] . let-7 inhibits the canonical Akt-mediated insulin signaling cascade by suppressing expression of the insulin receptor, the insulin growth factor-1 receptor (IGF1R), and insulin receptor substrate-2 (IRS2) [45] . By simultaneously targeting multiple substrates along the insulin signaling cascade, let-7 coordinately regulates glucose metabolism and insulin action in a nuanced manner.
Several miRNAs play roles in metabolic disorders associated with an aberrant response to insulin signaling. For example, miR-103/miR-107 are upregulated in the liver of mice with genetic or diet-induced insulin resistance. Antisense inhibition of these miRNAs leads to improved insulin action by stimulating caveolin-1 expression to increase insulin receptor availability [5] . Forced miR-103/107 expression is sufficient to induce impaired glucose homeostasis by decreasing insulin receptor availability due to reduced caveolin-mediated endocytosis of the receptor. [2] . HNF1b is a target of miR-802 and the loss of HNF1b results in mature-onset diabetes of the young (MODY), providing a possible mechanism for miR-802 prodiabetic activity. The common thread shared between miR-103/107, miR-143, and miR-802 is metabolic stress that alters the expression of these miRNAs in the liver, resulting in insulin resistance and demonstrating the diverse effects exerted by these miRNAs on organismal glucose metabolism (Figure 1 ).
Adipose Tissue miRNAs Remodel Energy Expenditure
Adipose tissue is an endocrine organ that stores energy in the form of lipids and regulates wholebody energy homeostasis via secretion of metabolites and adipokines [46] . It is well established that chronic low-grade inflammation in white adipose tissue (WAT) is a hallmark of obesity and type 2 diabetes [47] . Several miRNAs identified in obese human WAT were found to control inflammation by directly or indirectly modulating proinflammatory cytokine release from adipocytes and macrophages [48, 49] .
Brown adipose tissue (BAT) functions to catabolize free fatty acids and dissipate energy in the form of heat [50] . A newly described pool of brown-like adipocytes, referred to as beige adipocytes, are located within and derived from subcutaneous WAT depots [51] . Similar to brown adipocytes, beige adipocytes undergo inducible thermogenesis. Activation of both depots is thought to protect against insulin resistance and comorbidities associated with type 2 diabetes [52] .
Adipose tissue miRNAs influence metabolism by regulating adipocyte differentiation states or directly modulating specific metabolic and endocrine functions. Over 40 miRNAs correlate with human obesity and type 2 diabetes [53] and numerous miRNAs affect adipocyte differentiation, including miR-103/107 [5] , miR-193b-365 [54] , miR-378 [55] , and miR-30b/c [56] . Studies in mice have also shown that miRNAs alter brown adipogenesis [54, 55, 57] or stimulate a white-to-brown fat transition [56, [58] [59] [60] . The miR-193b-365 [54] cluster of miRNAs and miR-133 [57, 61] regulate brown adipogenesis by acting on PRDM16, a factor required for the development of brown adipocytes [62] . Likewise, miR-143 [1] and miR-103/107 [5] suppress white adipocyte differentiation, thereby promoting insulin resistance. By contrast, a screen for inhibitors of brown adipocyte cluster) beta cell apoptosis in response to metabolic stress. miR-375 is important for beta cell proliferation and maintenance of beta cell mass while miR-7 regulates insulin granule release by inhibiting the SNARE complex. Peripherally, miRNAs are capable of disrupting insulin signaling at almost every point along its axis. miR-103/107 disrupt caveola formation, impacting insulin receptor and insulin-like growth factor receptor expression at the membrane. The let-7 miRNA family directly targets high-level insulin signaling by reducing insulin receptor (IR) and insulin receptor substrate (IRS) expression. Hnf1b, a transcription factor important for maintaining insulin signaling, is targeted by miR-802. Finally, miR-143 inhibits insulin activity by targeting effector genes downstream of AKT such as ORP8.
differentiation identified miR-155, which impairs brown and beige adipocyte development by inhibiting the expression of C/EBPb in a bidirectional transcriptional feedback loop [63] . Genetic or pharmacologic methods to increase the expression of miRNAs specific to BAT (miR-196a) or those induced by cold exposure (miR-30b/c) enhance browning of WAT by disrupting the expression of conventional transcriptional activators of white fat genes [56, 60] . A recent study showed that the first intron of the PPARGC1B gene encodes miR-378, which counterbalances the metabolic actions of PGC1b [55, 64] . Genetic deletion of miR-378 confers resistance to DIO and insulin resistance, while enhancing energy expenditure and mitochondrial fatty acid metabolism [64] . Additional effects of miR-378 on adipocyte metabolism were shown in mice overexpressing miR-378 under the aP2 promoter. In these mice, miR-378 drives BAT expansion resulting in protection from genetic and diet-induced insulin resistance [55] . Thus, it appears that the targets of miR-378 are contextually dependent and specific to certain tissues or cell types. In support of this notion, none of the known miR-378 target genes identified in other tissues, including IGFR (cardiomyocytes), CRAT and MED13 (liver), and ERRG (cancer cells), were significantly suppressed following miR-378 overexpression in BAT [55] . This finding is consistent with the idea that a single miRNA may target different mRNAs in different contexts, with distinct and tissue-specific functional outcomes.
Key
Collectively, these findings highlight the roles that miRNAs play in adipocyte gene expression. In addition, miRNAs might have pathologic actions that are associated with impaired brown and white adipocyte differentiation, WAT inflammation, energy balance, and insulin resistance [65] [66] [67] . No studies have been published to date that directly examine the role of miRNAs in human BAT. Because miRNAs act as key regulators of adipocyte and BAT gene expression, they may be therapeutically leveraged to 'brown' white fat, thus improving insulin sensitivity and systemic metabolism.
miRNAs and Metabolism: A Bidirectional Link
A hallmark of the models discussed above is that dysregulation of a single miRNA in one or more core metabolic tissues is sufficient to perturb global metabolic homeostasis, indicating that some miRNAs affect major metabolic pathways. Using Circos [68] to illustrate genomic interactions between miRNAs and their targets, let-7a, miR-143, miR-33a, and miR-33b [1, 44, 45, 69, 70] affect both common and discrete components of insulin action ( Figure 2 , Key Figure) , including genes such as ONECUT2 that are critical for pancreatic beta cell function [71] . Other metabolic pathways are clearly co-targeted by one or more miRNAs, including central glucose metabolism and energy sensing nodes like hexokinase 2 (HK2), lactate dehydrogenase A (LDHA), and the alpha subunit of AMP kinase (PRKAA2). Such co-targeting between miRNAs and targets is a common mechanism for establishing redundant miRNA activity [15] . These overlapping but independent target spectrums are likely to act in concert to decrease insulin action at multiple nodes in the insulin signaling cascade [45] as well as the metabolism of glucose and lipids in the liver [43] . Therefore, the relationship between miRNAs and metabolism is a bidirectional link. miRNAs impinge on metabolism by interacting with the production and signaling of key players involved in metabolic regulation. Similarly, miRNA expression is modulated by major metabolic stimuli, including dietary stress (Box 3).
Box 3. Noncanonical miRNA Biogenesis
Various alternative mechanisms can generate miRNAs or small miRNA-like RNAs [89, 90] . Deep sequencing of small RNAs from cells deficient in miRNA processing machinery uncovered unconventional miRNAs produced through mRNA splicing [91] . Conventional miRNA processing is also bypassed by miRNAs produced from endogenous short hairpin RNAs, which are transcribed by RNA polymerase II and III [92] . Although most alternative miRNA pathways require Dicer, miRNA-451 biogenesis does not require Dicer and instead involves AGO2 catalytic activity [90, 93, 94] . In this case, the pri-miRNA is too short to be processed by Dicer and directly loads onto AGO2. The loading onto AGO2 leads to slicing of miRNA-451 in the middle of its 3 0 strand, which yields a 30-nucleotide intermediate species that is subsequently trimmed by a ribonuclease to 22 nucleotides. Interestingly, the 30-nucleotide and 22-nucleotide intermediates of miRNA-451 show identical repressive activity. Physiologic roles for miRNAs produced by noncanonical biogenesis have not been established, although miRNA-451 expression is regulated by extracellular glucose levels, leading to direct modulation of AMPK activation [95] . Although only 1% of conserved miRNAs are produced independently of the microprocessor machinery in vertebrates, the existence of alternative pathways reflects the evolutionary flexibility of miRNA biogenesis.
Concluding Remarks and Future Perspectives
Metabolic miRNA research has progressed rapidly in recent years. However, despite these advances we currently have identified only a handful of miRNAs capable of modulating wholebody insulin sensitivity in animal models. Additionally, for these miRNAs only a few important targets are clearly defined. Although changes in miRNA expression in human insulin resistance and type 2 diabetes exist, the limited available data do not draw a clear picture. Important pitfalls must be considered, including uniformity in miRNA measurement techniques, and confounding factors related to age, body mass index, and sex differences. However, recent studies have found that miRNAs can be readily detected in human plasma, suggesting possibilities for novel disease biomarker discovery. The detection of circulating miRNAs represents an important advance for biomarker discovery and altered circulating miRNA profiles have been linked to metabolic diseases, including type 2 diabetes Whether miRNAs act as signaling molecules that affect gene expression in distant target organs and cells remains an unanswered question.
Future research will require additional effort to define novel pathways altered by currently undescribed miRNAs or those processed through noncanonical biogenesis mechanisms, in addition to more comprehensively defining the multiple pathways and targets through which known miRNAs operate. Finally, the arising evidence in mammals for the existence of intracellular miRNA sponges such as competing endogenous RNAs will affect the efficiency of miRNAmRNA targeting [72] by physically sequestering miRNAs from their target genes. New approaches such as AGO-CLIP-seq, mass spectrometry proteomics, and polysome profiling techniques will help decipher the composition and regulation of miRNA networks to elucidate how these miRNA networks are coordinated with mRNA and protein turnover. Limitations of high-throughput CLIP-based profiling techniques include limited specificity of crosslinking, dependency on the presence or absence of specific miRNAs or regulatory proteins, and the detection limit of individual sequence reads. Although technological limitations exist, AGO-CLIPseq is currently the only method that allows comprehensive, unbiased, and tissue-specific mapping of miRNA interactions with target mRNAs. Understanding how these miRNAs function globally, how they mediate their metabolic effects, and what, if any, 'off-target' effects they may have in a therapeutic context will be necessary before effective clinical translation.
In sum, while the incredible regulatory potential of miRNAs in human metabolic disease is currently apparent, additional efforts to define the scope and mechanisms of this control are clearly necessary (see Outstanding Questions).
Outstanding Questions
How does the external environment regulate miRNA expression? What diurnal or circadian factors stimulate or repress miRNA production and/or function?
Given the likelihood that many miRNAs may regulate several metabolic signaling nodes simultaneously, how is the target selectively controlled by natural variations in gene and protein expression?
As miRNAs seem to support stress resistance and maintain metabolic homeostasis, what are the determining molecular factors that regulate AGO loading and miRNA targeting?
What is the spectrum of miRNA activity on non-3 0 UTR regions in response to various environmental or metabolic cues?
Is there a physiological role for miRNAs produced through noncanonical biogenesis pathways in metabolic disease?
